1. Amino acids have been used to test renal reserve filtration capacity. Previous studies suggest that amino acids increase glomerular filtration rate (GFR) by reducing distal tubular flow and tubuloglomerular feedback activity.
INTRODUCTION
Renal blood flow and glomerular filtration rate (GFR) in both man and animals are elevated after an intravenous infusion of amino acids [ 1-41. The work of Brenner er af. [5] , suggesting that sustained renal hyperperfusion and hyperfiltration are responsible for the deterioration of glomerular function in chronic renal disease, has aroused an interest in the mechanisms involved in the acute changes induced by amino acids. However, these are still unknown, but involvement of glucagon [5, 61, a liver hormone [7] or prostaglandins [6, 81, and effects of the tubular handling of sodium [S-111, have been suggested. Transport of amino acids in the proximal tubules is linked to sodium transport [12] . Studies both in vitro and in vivo have demonstrated that amino acids may increase fractional and absolute reabsorption of sodium in the proximal tubules [9-1 I] , suggesting that the associated hyperfiltration involves the macula densa mediated tubuloglomerular feedback (TGF) mechanism.
The renal clearance of lithium (CLi)'has been shown to be an index of the delivery of tubular fluid from the proximal tubule into the thin descending loop of Henle under normal physiological conditions in experimental animals [13, 141. In man, a similar tubular handling of lithium has been suggested by indirect evidence [15, 161. Simultaneous determinations of GFR, CLi, clearance of sodium (C,,) and urine flow may therefore allow estimates of proximal and distal reabsorption rates of sodium under these conditions. The CLi method has not previously been used to investigate the segmental transport of sodium during infusion of amino acids in man. The aim of this study was to evaluate glomerular function and renal tubular handling of sodium and water during amino acid infusion in normal man by simultaneous determination of the effective renal plasma flow (ERPF), GFR, CLi, C,, and osmolal clearance ( C(,5m).
MATERIALS AND METHODS

Subjects
Twelve healthy volunteers (seven males, five females, aged 18-48 years) gave informed consent and entered the study. The study was approved by the regional scientific ethical committee.
Protocol
In each subject the effects of amino acids (Vamin electrolyte free; 18 g of nitrogen/l; concentration 114 g of amino acids/l; osmolality 1130 mosmol/kg) were investigated. In addition, in six of the subjects the effects of isotonic glucose (55 g/l) alone were investigated on another occasion after an interval of at least 3 days. Lithium carbonate (600 mg; 16.2 mmol) was given orally on the evening before each investigation. After an overnight fast, a urine flow of at least 400 ml/h was maintained by orally administered tap water, which gave a urine osmolality of about 60 mosmol/kg. Except for briefly standing when voiding, the subjects were confined to a resting supine position. After a 1 h control period (period l), an intravenous infusion (3 ml h-l kg-l) of amino acids or isotonic glucose was started. The infusion continued during three 1 h clearance periods (periods 2, 3 and 4). ERPF and GFR were measured by a constant infusion technique with urine collections using I3'I-hippuran and YYmTc-diethylenetriaminepenta-acetic acid ("'"Tc-DTPA) [17] in a total dose of, on average, 0.10 mCi (3.6 MBq) and 0.73 mCi (27.0 MBq), respectively. After an equilibration period of at least 1 h, renal clearances of I3ll-hippuran, ""' Tc-DTPA, lithium and sodium were determined for periods 1 , 2 , 3 and 4, each calculated from the 1 h urinary excretion rate and the plasma values from three samples drawn at the start, the middle and the end of each period. Plasma and urine osmolality were measured at the end of each period. Blood pressure was measured manually by sphygmomanometry at the end of each period. Body weight was measured at the start of period 1 and at the end of periods 2 and 4. Packed cell volume was measured at the middle of periods 1 and 4.
Urine from all periods was tested for glucosuria by using Dip-Stix. Plasma renin concentration was measured at the end of periods 1, 2 and 4 in nine subjects during amino acid infusion.
Analytical methods
1311-Hippuran and YYmTc-DTPA in plasma and urine were determined in a well-counter. Plasma sodium was measured with a Technicon SMAC device, and urinary sodium was determined with a Technicon RA 1000 instrument (Tarrytown, NY, U.S.A.). Plasma and urinary lithium were measured by atomic absorption spectrophotometry (model 403; Perkin-Elmer, Norwalk, CT, U.S.A.) [15] . Plasma and urine osmolality were measured by freezing-point depression (Knauer, F.R.G.). Packed cell volume was measured with a H 1 Technicon instrument (Tarrytown, NY, U.S.A.). Renin concentration in plasma was determined from the increase in angiotensin I by radioimmunoassay. The samples were dialysed and incubated with a saturating concentration of substrate. The method was calibrated with WHO standard 68/356 (interassay coefficient of variation = 10%).
.
Calculations
Reabsorption and excretion rates of sodium and water were calculated based on the assumption that CLi provides an accurate measurement of the rate of fluid delivery to the end of proximal tubule [15] : absolute proximal reabsorption rate (APR) = GFR -CLi. Proximal fractional reabsorption (PFR) was calculated as 1 -( CLi/ GFR). Absolute distal reabsorption rate of sodium (ADR,,) was determined as ( CLi -C,,) X PNa, where P,, is plasma concentration of sodium. Fractional distal reabsorption of sodium (FDR,,) was calculated as ( CLi -CN,)/CLi. Fractional lithium excretion (FE,,) was determined as CJGFR, and fractional sodium excretion (FE,,) was calculated as CNJGFR.
All clearance values were corrected to 1.73 m2 body surface area. Data were analysed by analysis of variance and paired [-tests. Log-transformed data were used to analyse the statistical differences for the calculated ratios.
All data are expressed as means f SEM.
RESULTS
There were no significant differences between baseline values (period 1) of any variable before infusion of isotonic glucose or amino acids (unpaired [-tests). None of the subjects had glucosuria after any infusion.
During infusion of isotonic glucose, ERPF (Table 1) decreased significantly in periods 3 and 4, but no changes were observed in GFR, C,, or C,, ( Fig. 1 . APR remained unchanged during amino 
DISCUSSION
Young, healthy volunteers with normal sodium excretion were investigated in the present study. Under these conditions the main assumptions for using CLi .as an estimate of proximal tubular outflow, i.e. proximal tubular reabsorption of lithium in parallel with water and sodium and absence of distal lithium reabsorption, might be considered as fulfilled. But in the absence of direct evidence supporting such a renal handling of lithium in man, the data have to be interpreted with some reservations. Water diuresis, used in the present study to facilitate urine collection, has been shown not to affect CLi [18] . The intravascular volume expansion, as reflected by decreased packed cell volume during isotonic glucose infusion, did not significantly alter GFR, CLi or sodium excretion. Thus the observed changes during amino acid infusion would seem to be due to the amino acids per se. The present increase in plasma and urine osmolality after amino acid infusion might suggest a potential osmotic component to the diuresis. Osmotic diuresis has been suggested to influence the estimate of the proximal tubule delivery, which in the present study could have contributed to the increase in CLi [ 191. However, it was recently demonstrated by direct micropuncture measurements that the tubular fluid/plasma lithium concentration ratio remained close to 1.0 after osmotic diuresis, which reduced the tubular fluid/plasma sodium concentration ratio to 0.9 [20] . Interference of an osmotic component with the tubular handling of lithium therefore seems unlikely, but the possibility that osmotic diuresis in the present study might have altered the sodium concentration at various sites of the tubule cannot be excluded. Amino acids have often been found to produce renal vasodilatation and hyperfiltration [3.4,6,8, 1 I], but compared with these studies our increases in ERPF and GFR were modest. The composition and infusion rate of the chosen amino acid solution were similar to those used in other studies [3, 4, 8] . However, the renal response can be delayed for several hours [3, 81, suggesting that the 3 h observation time used in the present study was too short to achieve the maximal response.
The present finding of depressed PFR during amino acid infusion differs from some previous investigations. Estimates of PFR for sodium from the fractional reabsorption of phosphate in isolated rat kidneys suggested an increased PFR after addition of amino acids to the perfusate [91. The use of CLi in amino-acid-stimulated dogs showed an increase in both APR and PFR, as estimated from the accompanying 30% increase in GFR and an unchanged CLi [ 101. In normal man a similar conclusion wa.. drawn from data produced by indirect clearance methods (C,,,, and C, , , , ) [ 111. These findings have been explained as a result of an increased co-transport of sodium and amino acids in the proximal tubules and the resulting reduction in distal tubular flow to the macula densa, which would increase GFR by decreasing TGF activity.
The present finding of an unaltered APR is not consistent with such a primary direct stimulating effect of amino acids on proximal tubular sodium transport, and the increases in CLi and,FELi strongly suggest that the rises in ERPF and GFR were not secondary to a reduced distal tubular flow to the macula densa. The present results suggest rather either inhibition of the TGF effector mechanism, or a reduced TGF signal, or resetting of the TGF receptor mechanism, or any combination of these changes. An effect on the filtration coefficient cannot be excluded either. A direct effect of amino acids on renal haemodynamics independent of their tubular handling and effects has previously been proposed [3, 211. The present results are consistent with a primary arteriolar vasodilatation, which would inhibit the TGF response. However, it is possible that the acute effect of amino acids are similar to those of high protein intake, recently reviewed by Seney [22] . The evidence indicates that high protein intake does not interfere with the TGF effector mechanism, the gain, or the receptor sensitivity. Rather the signal (the luminal NaCl concentration at the macula densa) is reduced somewhere in the loop of Henle, which would decrease TGF activity (221. The present increased sodium reabsorption rate beyond the proximal tubule might support evidence of such a mechanism. But, on the other hand, no evidence exists to support the increased ADR,, being confined to the loop of Henle, and, in view of the increased CLi, the rise in sodium reabsorption rate beyond the proximal tubule most probably was due to a compensatory mechanism consequent upon an increased proximal delivery. Furthermore, a reduced sodium chloride load to the macula densa not only increases the filtration pressure (by reducing TGF-mediated afferent vascular tone) but it also stimulates renin release [23, 24) . The present lack of change in plasma renin concentration may therefore argue against the presence of a reduced TGF signal.
In normal man both a low and a high protein meal cause CLi to increase [25] . GFR, as estimated from creatinine clearance, increased only after the high protein meal; thus APR and PFR decreased after the low protein meal. After the high protein meal APR seemed to increase, whereas PFR remained unchanged. However, an acute protein load has been associated with an increased tubular secretion of creatinine [26] . Creahnine clearance therefore may overestimate the actual rise in GFR and the calculated increase in APR.
In summary, an intravenous infusion of amino acids in normal man caused moderate increases in ERPF and GFR, and FF tended to increase. CLi, used as an index of proximal tubular outflow, increased in all subjects. PFR decreased, but amino acids did not cause any change in APR. ADRN;, increased, and sodium excretion rate remained unchanged. Also, plasma renin concentration remained unchanged. The results suggest that amino acids acutely increase GFR either by a primary effect on renal haemodynamics, or, less likely, perhaps by reducing the signal to the TGF mechanism. APR was unaffected, and the increase in proximal tubular outflow was compensated in the distal tubules.
